In this paper, we compare the performance between channel estimation based on compressed sensing (CS) and time-domain least square (LS) for single-carrier (SC) communication system. Unlike the conventional channel estimation techniques such as frequency domain LS which is used in the condition that the length of pilot sequence is equal to data sequence, the estimation scheme based on CS requires smaller length of pilot sequence. In this paper, the corresponding system structure is presented. Zadoff-Chu sequence is used to generate the pilot sequence, which is shown to perform better in forming measurement matrix of CS than pseudo random sequence. Simulation results demonstrate that channel estimation based on CS achieves a better bit error rate (BER) performance than time domain LS with a smaller pilot sequence and thus raising data rate of the SC communication system.
Introduction
Recently the single-carrier with frequency domain equalization (SC-FDE) communication system has drawn a great attention as an alternative to the orthogonal frequency division multiplexing (OFDM) communication system, especially in the uplink communications, because it alleviates carrier synchronization problem and the peak-to-average power ratio (PAPR) of transmitted sequences is much lower than that of OFDM [1] .
SC-FDE system requires precise channel state information (CSI) for the equalization. To estimate the CSI, the pilot blocks of SC-FDE are inserted between several data blocks in time domain. With the assumption that there are only L number of channel taps where L is smaller than the length of cyclic prefix (CP), the traditional time domain LS estimation can be improved to be used in the condition that the length of pilot sequence is smaller than data sequence but still larger than cyclic prefix.
In this paper, we compare channel estimation based on compressed sensing (CS) and time-domain least square (LS) for the SC communication system. The length of pilot sequence of the compressed method can be smaller than cyclic prefix and can thus raising the data rate of the system. By choosing a good pilot sequence and cyclic prefix to form the CS measurement matrix, we can obtain the sparse channel impulse response (CIR) vector.
The rest of the paper is organized as follows. We start in Section 2 by describing the system model. In Section 3, we review traditional frequency domain LS channel estimation and time domain LS channel estimation which suits the condition that the length of pilot sequence is smaller than data sequence and larger than cyclic prefix. In Section 4, we introduce the idea of compressed channel estimation requiring the length of pilot sequence even smaller than cyclic prefix. Simulation results are given in Section 5 and the paper is concluded in Section 6. We consider the single-carrier block transmission over the multipath Rayleigh fading channel with additive white Gaussian noise. At the transmitter, information bits are mapped into data symbols depending on the modulation type. Each length-N data symbols appended with a length-cp N cyclic prefix forms a data block. The cyclic prefix is assumed to be larger than the known channel impulse response length L to eliminate inter-block interference (IBI). This is achieved by discarding the first cp N received symbols corresponding to the cyclic prefix [2] . The pilot block is formed the same way as the data block while the pilot sequence of each pilot block is of length p N . After inserting pilot and adding cyclic prefix, the transmit block is generated. Figure 2 shows the transmit block format of the system.
System Model
As depicted in Figure 2 , the transmit block consists of pilot blocks and data blocks. Pilot sequence 
with the same length of CP as the pilot block, forms K data blocks. At the receiver, after removing CP, channel estimation, frequency domain equalization which is the frequency domain analog of what is done by a conventional time domain equalizer [3] , we obtain the estimated data symbols. By demodulation, these symbols are changed into the estimated information bits.
Channel Estimation of the Pilot Sequence Based on Least-square Channel Estimation
In the case that the length of pilot sequence is larger than cyclic prefix, i.e. At receiver, after removing the cyclic prefix, the inputoutput relationship of the pilot sequence can be expressed in matrix form as follows: 
where (.)* denotes complex-conjugate transpose; F is the DFT matrix whose element is givenby
Traditional Frequency Domain LS Channel Estimation
In the case that the length of pilot sequence is equal to that of data sequence, i.e. p N N = , after removing cyclic prefix, the received time-domain pilot sequence p y is transformed to the frequency domain by applying DFT to (1)  , 
Time Domain Least-square Channel Estimation
Using the time domain LS channel estimation, the length of pilot sequence can be reduced to be smaller than data sequence, i.e. p N N < . Therefore, the equation (1)- (3) are still satisfied.
With the assumption that the channel impulse response length is smaller than cp N [4] , the input-output relationship of the system in frequency domain can be expressed as 
Channel Estimation of the Pilot Sequence Based on Compressed Sensing
When the length ofpilot sequence is not smaller than that of cyclic prefix, i.e. 
is a p cp N N × Toeplitz matrix formed by the pilot sequence.
Now we consider the case that the length of the pilot sequence is smaller than cyclic prefix, i.e. 
which is a p cp N N × Toeplitz matrix formed by both the pilot sequence and its cyclic prefix.
It is known that CS can be effectively utilized in linear, time-invariant system identification problems provided the impulse response of the system is (approximately or exactly) sparse. An immediate application is in wireless multipath channel estimation [5] . As the length-cp N CIR h of the sparse wireless channel has only few of its taps nonzero, then using (9) we can change the matter of channel estimation into the matter of recovery of h based on compressed sensing. Therefore, p T is considered as the CS measurement matrix. The channel estimation based on CS introduced in this paper uses the orthogonal matching pursuit (OMP) algorithm to solve the problem of compressed sensing. 
where r is relatively prime to p N . The length-cp N cyclic prefix of the pilot sequence is generated the same way as the pilot sequence using a length-cp N Chu se-
Simulation results show that measurement matrix formed by Chu sequence performs better in the compressed channel estimation than pseudo random sequence.
Proposed Compressed Channel Estimation
In this paper, the compressed channel estimation is based on OMP algorithm. OMP is an iterative greedy algorithm that selects at each step the column, which is most correlated with the current residuals [9] . With OMP, faster convergence to a sparse solution is obtained by eliminating the re-selection problem [10] . For (9) , with the knowledge of the received time domain pilots p y and the Toeplitz matrix p T formed by pilot block, we use OMP algorithm to estimate the positions and values of the taps of the sparse vector h and then transform it into frequency domain the same way as (8).
Simulation Results
In this paper, we do simulations to compare the performance of traditional LS channel estimation, time domain LS channel estimation and the compressed channel estimation. Suppose the coherent time of the sparse single-carrier channel lasts about 10 data blocks, the number of nonzero taps of the channel is L=6 , the length of each data sequence is N=256 and the length of CP for both the pilot sequence and data sequence is 64 cp N = . The transmission block contains 12 data blocks and 3 pilot blocks inserted between each 6 data blocks. Information about the Rayleigh channel of the system is described in Table 1 with additive white Guassian noise. We assume that the time delays of the channel are integral times of the system sampling period 9.7657 07 shows that by using time domain LS method or the compressed method, the BER performance of the system can be improved compared with traditional LS method even reducing the length of the pilot sequence. For time domain LS method, the larger the length of pilot sequence is, the better its BER performance is. For the compressed method, when the lengthof pilot sequence is larger than or equal to its cyclic prefix, it performs better than time domain LS method. As the length of pilot sequence reduces to 32 m = which is smaller than its cyclic prefix, the BER performance of thecompressed channel estimation is almost the same with time domain LS channel estimation with 256 m = .
Conclusions
In this paper, a comparison among channel estimation based on traditional LS method, time domain LS and compressed sensing in SC communication system has been done for the sparse channel. We showed that among these three estimation methods, both time domain LS and compressed method perform better than traditional LS method. Moreover, the compressed method based on OMP algorithm reduces the length of pilot sequence required for channel estimation compared with time domain LS method without performance degradation. Simulation results showed that the compressed method has significant performance gains over time domain LS estimation method under the same condition of the length of pilot sequence.
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